• Within a few days after birth, the pulmonary circulation changes from a high pressure, low flow system to the low pressure, high flow system which persists throughout life. 13 Several factors are potentially important in causing this decrease in pulmonary vascular resistance: 1) The expansion of the fetal lung allows tortuous pulmonary vessels to straighten. 4 2) Hypoxia, a known pulmonary vasoconstrictor, is relieved following ventilation of the fetal lung with air/' 3) The lumina of the pulmonary arterioles increase in size as the arteriolar smooth muscle atrophies." 4) The postnatal decrease in alveolar and interstitial fluid' may permit increased alveolar capillary blood volume.
Previous reports have indicated that a) initial expansion of the fetal lung with either air or nitrogen markedly decreased the pulmonary vascular resistance, 1 ' 8 b) newborn infants 9 and lambs 3> 5j 8 with lungs already expanded with air may again increase their pulmonary arterial pressure to systemic levels by breathing nitrogen or low oxygen mixtures, and c) hypoxia in utero may cause pulmonary vasoconstriction in the fetal lamb. 10 Studies in lambs have involved anesthesia or thoracotomy. 1 ' 1 :| -r> - 8 There are a few measurements of pulmonary hemodynamics in infants."' ur -Serial measurements of pulmonary arterial pressure have been reported for newborn dogs, 13 but blood flows were not measured nor were the dogs made hypoxic. With this background of previous work in mind, we undertook a systematic study of pulmonary Received for publication April 17, 1964. responses to hypoxia at selected intervals after birth in healthy, unanesthetized calves. Calves were studied because the bovine species appear to have a reactive pulmonary vascular bed. 14~Ia Furthermore, the relatively large size of the calfs external jugular vein facilitates repeated percutaneous venous catheterization and repeated blood samples may be taken without undue blood volume depletion.
Methods

Cardiac catheterization was performed on 20
Jersey male calves on the day of birth and at intervals thereafter up to an age of eight weeks. The gestational age was known to be normal and the time of birth was known to within an hour. Prior to the study, most calves had walked, nursed, and mooed. They were judged to be healthy by the consulting veterinarian. No sedatives were used and local lidocaine (Xylocaine) was the sole anesthetic agent. Techniques were similar to those described previously 17 except that the calf was placed in a lying position on its side. Either a radial and/or superficial femoral artery was exposed for intubation with PE50 or 90 tubing. In some calves this tubing was introduced following percutaneous puncture of the dorsal aorta with a no. 15 gauge needle in the eleventh intercostal space. 18 The zero reference point for pressure measurement in the calf on its side was half the thickness of the chest. Pressures were recorded using Statham pressure transducers and Sanborn series 150 and 350 or Electronics for Medicine recorders.
A mask was fitted snugly over the calf's muzzle to permit measurement of ventilation. The dead space of this apparatus was approximately 70 cc. When the calf was quiet, expired air was collected for at least two minutes in a Tissot spirometer or Douglas bag and was analyzed for oxygen and carbon dioxide by duplicate Scholander analyses. During the collection of expired air, blood samples were taken simultaneously from the pulmonary and systemic arteries. The pulmonary arterial catheter was withdrawn until right ventricular pressure was recorded; a blood sample was then taken. After measurements during air breathing, one period or more of hypoxia was induced by inhalation of 8 to 10% (designated as 9%), 11 to 13* (designated as 12%) and/or 17% oxygen. After at least 15 minutes of hypoxia, aortic and pulmonary arterial blood samples were drawn during the collection of the expired air. All blood samples were analyzed for oxygen and carbon dioxide content by the method of Van Slyke and Neill. Blood oxygen capacity of the arterial samples was measured by the Sendroy method.
Pulmonary blood flow was calculated from oxygen uptake and oxygen contents of pulmonary arterial and aortic blood. The ratio of pulmonary to systemic flow was obtained by dividing systemic a-v oxygen difference by pulmonary a-v oxygen difference:
The magnitude of left to right shunt through the ductus arteriosus could be estimated even when oxygen uptake was not measured.
A radiometer pH electrode was used to measure pH. Arterial pCO2 was calculated from whole blood COn content and pH using the standard nomogram at 37°C. Blood samples were frequently refrigerated four to six hours before pH was measured. Thus, changes in pH and pCOi during hypoxia (table 4) and not absolute values are considered valid. Microhematocrits were obtained. At selected points in the study, the calves were sacrificed for morphologic study of the lungs.
SOURCES OF ERROR IN BLOOD FLOW MEASUREMENTS Calves Breathing Air
For pulmonary blood flow calculations, we assumed complete mixing of blood in the puleo,- The mean pulmonary arterial pressures decreased with time in twenty newborn unanesthetized calves, two to twelve hours of age. 
-
! nun 
iber of measurements is 
(3) (6) (2) (5) (5) (5) monary artery. Since the flow from the ductus arteriosus enters at the bifurcation of the main pulmonary artery, a large shunt will probably increase the pulmonary arterial oxygenation at all sampling sites in the pulmonary artery. Therefore, as in the infant, it is probably easier to overestimate than underestimate the pulmonary blood flow since the pulmonary arterial catheter may come to lie within or near the ductus arteriosus. 12 We further assumed no right to left shunt through the ductus arteriosus or foramen ovale. (Pulmonary a-v oxygen differences were discarded for calves having equal pulmonary and systemic arterial pressures.) If there were unrecognized right to left shunts, the calculated pulmonary blood flows would be falsely high.
Possible left to right shunts through the foramen ovale were neglected.
Calves Breathing Low Oxygan Mixture!
Fishman et al. ln emphasized that oxygen uptake measurements (and therefore, calculations of cardiac output) may be falsely low during acute hypoxia in man if a steady state is not present. A steady state during hypoxia is difficult to define for the newborn calf since we found no published standards of basal oxygen uptake and since our calves may not have been basal during the control period. Arbitrary criteria of a steady state during hypoxia were values of oxygen uptake within ± 20% of the control, and values of R which were less than 1.0 and which deviated less than 0.22 from the control. Six of eight calves breathing 17% oxygen, eight of twentytwo calves breathing 12% oxygen, and none of four calves breathing 9% oxygen satisfied these criteria. For these calves the effects of hypoxia on R, oxygen uptake, and cardiac output are shown in table 1.
Estimates of shunt flow through the ductus arteriosus during hypoxia were not obtained.
Results
INTRAVASCULAR PRESSURES DURING AIR BREATHING
Healthy newborn calves had pulmonary arterial mean (PA) pressures ranging from 40 to 82 mm Hg. The data in figure 1 show a clear decrease in PA mean pressure from age two hours to age twelve hours. In general, the PA pressure of the calf decreased in three stages after birth: 1) It was assumed to decrease during the two hours after birth from systemic levels in utero (not measured) to levels usually below systemic pressure. 2) From age two to twelve hours there was a further rapid decrease ( fig. 1 ). 3) Thereafter, a slow decrease occurred up to the age of two weeks, after which the values remained at a stable minimum averaging 22 to 25 mm Hg(table2).
The systemic arterial pressure rose progressively (table 2) . Pulmonary arterial wedge pressure (mean = 7 ± 4 mm Hg for 17 measurements in all age groups) was never elevated even when the PA pressure was high.
BLOOD FLOWS DURING AIR BREATHING
Averaged values of pulmonary blood flow (table 2) were approximately 5 liters/min for calves below the age of five to eight weeks. Therefore, pulmonary blood flow did not decrease concomitantly with the fall in PA pressure.
The pulmonary arterial exceeded right ventricular oxygen saturation by 5% or more in only six of seventeen calves (table 3). In six of fifteen calves the ratio of pulmonary to systemic flow exceeded 1.1. The averages for oxygen content (101 ml/liter) and saturation (65%) in the right ventricle approached the average content (105 ml/liter) and saturation (67£) in the PA. Further, PA pressures were not related to the ratios of the pulmonary to systemic flow (r = 0.2) or to narrow pulmonary a-v oxygen differences (r = -0.02).
ARTERIAL Oi SATURATIONS AND PULMONARY VENTILATION DURING AIR BREATHING
The systemic arterial oxygen saturation was 903! or greater in twelve of the seventeen newborn calves shown in table 3. In two calves (designated by an asterisk in table 3) where the saturations were 72 and 81%, the pulmonary and systemic arterial pressures were equal. A right to left shunt through the foramen ovale or ductus arteriosus probably existed. The PA pressure did not correlate (r = 0.4, P>0.05) with the arterial oxygen saturation.
The averaged arterial oxygen saturations in table 2 were 92 or 933> for all ages studied. The averaged values of minute ventilation in table 2 indicated that calves aged two hours to two weeks breathed 6.9 to 8 liters/min. It was only in calves older than two weeks that a clear increase in ventilation was observed. Right ventricular and pulmonary arterial blood oxygen contents and saturations, systemic arterial oxygen saturations, pulmonary a-v oxygen differences, estimated ratios of pulmonary to systemic flow and mean pulmonary arterial pressures in healthy unanesthetized calves.
*Pulmonary arterial pressure equaled systemic pressure. Because of a possible right to left shunt, the pulmonary a-v oxygen difference was not calculated.
The average tidal volumes were 220 ml/ breath on the day of birth, 190 ml/breath at age one to three days, 140 ml at four to seven days and 280 ml at two weeks.
INTRAVASCULAR PRESSURES WITH HYPOXIA (TABLE 2) 17% Oxygen
Three calves less than twelve hours old showed no increase in PA pressure when they breathed 17% oxygen; yet in older calves the increase averaged 8 mm Hg.
12% Oxygen
Two of fourteen calves less than twelve hours old breathing 12% oxygen increased their PA pressures to systemic arterial levels. In four calves the increase was less than 5 mm Hg. Thus, the response to hypoxia was varied, where the increase in PA pressure ranged from 0 to 48 mm Hg. In no calf older than twelve hours did the PA pressure rise to equal the systemic arterial pressure during Effects of age on pulmonary vasoconstrictor response to 12% oxygen. Typical results in calf no. 14. 12% oxygen breathing. The time course and the magnitude of the PA pressor response to 12% oxygen during the first twelve hours of life differed from that in older calves. Figure  2 demonstrates the pulmonary pressure response with 12% oxygen for three ages in the life of one calf. The magnitude of the pressure increase, but not the per cent change, decreased with age.
9% Oxygen
Three of five calves breathing 9% oxygen when they were less than twelve hours old raised their pulmonary arterial pressures to or above systemic levels. In one of these the oxygen saturation in the aorta was greater above the ductus arteriosus than below it, suggesting a right to left shunt at this level. Such pulmonary hypertension was not achieved when older calves breathed 9% oxygen. Yet, calves at each age showed a greater PA pressure rise with 9% oxygen than with lesser degrees of hypoxia. Thus, the magnitude of the PA pressor response to hypoxia depended on both the age of the calf and the degree of hypoxia.
The effect of a constant intravenous infusion of acetylcholine was tested in twelve experiments in five calves breathing 12% or 9% oxygen. A typical experiment is shown in figure 3. Acetylcholine, a pulmonary vasodilator, consistently decreased the PA pressure in newborn calves breathing low oxygen mixtures. Table 1 shows the values of oxygen uptake, pulmonary a-v oxygen difference and calculated pulmonary blood flow for calves breathing 17 and 12% oxygen where the R was within ± 0.22 of the control. In these calves, measurements of oxygen uptake with hypoxia were nearly as great as the control values. We have assumed oxygen uptakes of all calves breathing 17 and 12% oxygen to be near the control values. Measured pulmonary a-v oxygen differences did not change. The pulmonary blood flow therefore should be similar in calves breathing air, 17 or 12% oxygen. In particular, the PA pressure increments induced by 12 and 17% oxygen were probably not the result of an increased pulmonary blood flow. The increments in PA pressure were large in calves breathing 9% oxygen, but measurements of oxygen uptake were not reliable.
PULMONARY BLOOD FLOW DURING HYPOXIA
ARTERIAL BLOOD GASES AND PULMONARY VENTILATION DURING HYPOXIA
For a given level of inspired oxygen tension there was no convincing change in arterial oxygen saturation with increasing age. The minute ventilation increased in each individual with 12 and 9% oxygen breathing although the amount of increase varied greatly between individuals (table 2). The arterial pH and calculated arterial pCO 2 consistently fell when newborn calves breathed 12% oxygen (table 4).
"SPONTANEOUS" PULMONARY VASOCONSTRICTION
An unexpected result of the present study was a "spontaneous" PA pressure rise without concomitant rise of systemic arterial or "wedge" pressures in calves aged two to twelve hours. In five calves of the present study and in two calves observed in another investigation, the PA pressure rose from an average of 44 mm Hg to 89 mm Hg. This "spontaneous" rise was observed early in the catheterization procedure and usually followed puncture of the aorta for introduction of polyethylene catheters. Typical results are shown in figure 4 and table 5. Despite rising PA pressure, the arterial oxygen saturation remained normal until PA pressure exceeded systemic pressure. Then arterial oxygen saturation decreased. When pulmonary hypertension regressed, the arterial oxygen saturation, pulmonary ventilation, and pulmonary blood flow returned to normal values. During the thirty to fifty minutes of elevated pulmonary arterial pressures, the calves were quiet except for increased respiration.
Two calves were given a constant infusion of acetylcholine while the pulmonary arterial pressure was high. Figure 5 shows that the mean pulmonary arterial pressure in one calf fell from 55 to 40 mm Hg during the infusion. There was no consistent change in systemic :.l (5) :.l (5)
Most blood samples were refrigerated for four to six hours before pH was measured. Changes with hypoxia rather than the absolute values are considered valid. Measurements were for T = 37°C. pressure. In the second calf, the PA pressure fell from 75 to 55 mm Hg with acetylcholine. Oxygen inhalation also decreased the PA pressure when it was elevated by spontaneous pulmonary vasoconstriction ( fig. 6 ).
Discussion
Change in the magnitude of the left to right flow through the ductus arteriosus is an important factor altering pulmonary arterial pressure in the neonatal period. 2 ' 3> r >> 8 The flow through the ductus arteriosus may be much greater at birth than it is a few hours later. Amoroso et al.-" commented upon smaller ductus flows in calves age six to nine hours (pulmonary to systemic flow ratios of 1.0 to 1.4) than they had previously found in lambs less than one hour old (pulmonary to systemic flow ratios of 1.3 to 2.3). Assali et al. 8 showed that the left to right shunt through the ductus arteriosus decreased rapidly if the lambs breathed oxygen for twenty to thirty minutes after birth. In eight infants age four to thirty hours Rudolph et al. 12 found pulmonary to systemic flow ratios of 1.0, i.e., no left to right shunt in four and ratios of 1.2 to 1.6 in the remaining four. Our studies show pulmonary to systemic flow ratios less than 1.1 in nine of fifteen newborn calves and ratios of 1.2 to 1.6 in the remaining six. The left to right shunt through the ductus arteriosus is usually small in calves older than Puimonary arterial pressure rise in a Holstein calf followed closely the needle puncture of the dorsal aorta at four hours and fifty minutes of age.
Circulation Restarcb, Vol. XV, Octohtr 1964 two hours. Further, the level of PA pressure in the calves studied did not correlate well with the pulmonary to systemic flow ratios or pulmonary a-v oxygen differences. Changes in pulmonary blood flow or in the magnitude of shunt through the ductus arteriosus did not appear to be major factors changing the PA pressure of these calves aged two to twelve hours.
PULMONARY VENTILATION
Inflation of the fetal lung decreases the resistance to blood flow through the pulmonary vasculature. Therefore, measurements of ventilation are relevant to those of PA pressure. Although ventilatory measurements were not made while the calves were struggling, these were vigorous calves and they probably varied considerably in the degree to which they approached a basal state. Furthermore, the dead space of respiratory apparatus was rather large and the number of measureso-ments was small. Therefore, only gross changes would be detected from the data of this investigation. The measurements of minute ventilation, respiratory rate, oxygen uptake, or arterial blood gases in calves breathing air and 12$ oxygen did not suggest poorer pulmonary function on the day of birth than on subsequent measurements during the following two weeks. Measurements of respiratory rate, tidal volume, minute ventilation, and oxygen uptake show little change in infants between the ages of three hours and one week. 21 -22 The functional residual capacity of infants age one to two hours is 80 to 90% of that at age one week. 28 Areas of atelectatic fetal lung cannot usually be identified in the chest roentgenograms of healthy infants after the second or third breath. 2 * Our measurements in the newborn calf are in general agreement with evidence in the human indicating that within a few hours of birth the lungs are almost completely aerated. Calf no. 32, left, was given oxygen to breathe during the period of equal pulmonary (PA) and brachial (BA) arterial pressures occurring in the course of a "spontaneous" PA pressure rise. BA oxygen saturation was 91% before the pressure rise began and was 64% just before oxygen inhalation began. During oxygen breathing the PA pressure decreased and BA oxygen saturation increased to 100%. Calf no. 12, right, oxygen inhalation slightly decreased the PA pressure in this young calf. At the time of oxygen inhalation, the PA pressure had nearly returned to control levels following a "spontaneous" PA pressure rise.
20-
It does not seem probable in calves that have walked, nursed, and mooed that large areas of atelectasis remain for several hours after birth and account for all pulmonary hypertension observed in this early period of life.
"SPONTANEOUS" PULMONARY VASOCONSTRICTION
In some calves, on the day of birth, the PA pressure rose 40 to 50 mm Hg without an increase in "wedge" pressure, aortic pressure or cardiac output. This "spontaneous" pulmonary vasoconstriction was usually associated with catheterization procedures as mentioned previously. It could be blocked with the pulmonary vasodilators, oxygen, and acetylcholine. Changes in pulmonary vascular tone could account for the lability of the pulmonary arterial pressure observed in calves less than twelve hours old. Since "spontaneous" pulmonary vasoconstriction was not seen in older calves, it may be related to mechanisms changing pulmonary vascular resistance in utero.
PULMONARY VASOCONSTRICTION DURING HYPOXIA
The lamb breathing low oxygen mixtures within a few minutes of birth restores its pulmonary arterial pressure to systemic arterial levels. 8 James and Rowe observed a similar response in an infant two days old. 9 The present investigation in calves has shown 1) that there is considerable variation in the pulmonary pressor response to hypoxia between individual calves less than twelve hours old; 2) that a severe degree of hypoxia (9% oxygen) is usually required to increase pulmonary arterial pressure to systemic arterial levels; and 3) that the ability of hypoxia to equalize the pulmonary and systemic pressures is rapidly lost with increasing age of the calf.
The rapid decrease in the pulmonary pressor response to hypoxia after birth implies that hypoxia is a stimulus affecting the pulmonary vascular resistance in utero. Active pulmonary arteriolar constriction in utero was postulated by Naeye ° who found in the human fetus a relative preponderance of vascular smooth muscle in the pulmonary as opposed to the systemic arterioles. This muscle mass exceeded that expected merely from the high pulmonary arterial pressure in the fetus, rather it suggested a "work hypertrophy." Davves 10 has shown a decrease in the pulmonary blood flow of the fetal lamb when the ewe breathed hypoxic gas mixtures, and an increase when acetylcholine was infused into the fetal pulmonary artery. It seems likely that hypoxia induces pulmonary vasoconstriction in utero. The present study in the newborn calf suggests that the capacity for marked pulmonary vasoconstriction may extend from fetal Me to the first few hours of extra-uterine life. The relatively weak pulmonary pressor effect of acute hypoxia which is CircmUtion Rtsurcb, Vol. XV, Oaohtr 1964 seen in the adult mammal may be a remnant of a mechanism which existed in utero.
Summary
Circulator)' and ventilatory measurements were made during the course of 66 cardiac catheterizations in 20 unanesthetized Jersey calves, age two hours to eight weeks. The salient findings were:
1. The pulmonary arterial pressure was high during the first two to three hours of extra-uterine life (up to 80 mm Hg) and it decreased rapidly (30 to 40 mm Hg) during the next nine to ten hours.
2. The pulmonary ventilation appeared good, judging by the active appearance of the calves, the volumes of respired air, the arterial blood gases, and the ventilatory response to hypoxia.
3. The pulmonary blood flows in these calves were not higher in the first hours of life than on subsequent days, and there was little contribution to the pulmonary blood flow by a left to right shunt through the ductus arteriosus.
4. Hypoxia, if severe, could increase the pulmonary arterial pressure to systemic leveLs on the day of birth, but not in older calves.
5. Pulmonary vasoconstriction sometimes followed puncture of the aorta or other procedures in calves less than twelve hours old. The lability of the pulmonary blood vessels during the first hours of extra-uterine life Suggested that large changes in pulmonary vascular tone also occur in utero.
